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1013-7025/Copyrightª 2014, Hong Kong PhAbstract The purpose of this study was to determine the effects of augmented reality (AR)-
based postural control training on balance and gait function in stroke patients. Twenty-one
stroke patients were assigned to either an experimental group (n Z 10) or a control group
(n Z 11). Patients in both groups received a general physical therapy program for a duration
of 30 minutes per session, 5 days per week, for a period of 4 weeks. Participants in the exper-
imental group received additional AR-based postural control training for 30 minutes per day,
3 days per week, for a period of 4 weeks. Patients were assessed with the timed up-and-go
test, Berg Balance Scale test, and spatiotemporal parameters using the GAITRite system. Re-
sults of repeated-measures analysis of covariance showed a significant main effect of time on
timed up-and-go test, Berg Balance Scale, velocity, cadence, step length and stride length of
paretic and nonparetic sides. In addition, walking velocity, step length, and stride length on
both the paretic and nonparetic sides showed a significant group  time interaction effect.
The results of this study provide evidence in support of incorporating an AR environment into
postural control training for improving gait of stroke patients.
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Approximately 40% of stroke survivors have functional
disability, and 15e30% are severely disabled [1]. Most pa-
tients who have suffered a stroke exhibit impairment in
various aspects of balance function such as delay in regain-
ing ability to assume the standing posture, loss of balance
reaction, asymmetry between right and left, and increasedy Elsevier (Singapore) Pte Ltd. All rights reserved.
52 C.H. Lee et al.posture sway [2], and decreased weight bearing on the
involved side [3]. They are also at a high risk of falling [4].
Balance is important for various functional tasks such as
sitting, sit-to-stand, and walking. The risk of falling due to
balance dysfunction and hemiparesis is associated with
walking ability, functional ability, and hospitalisation [5].
Balance dysfunction causes alteration of weight distribu-
tion patterns, so that less weight is taken through the weak
leg. Excursions are smaller when moving one’s body weight
around the base of support, especially in the direction of
the weaker leg. This pattern is seen in all aspects of bal-
ancedstatic, dynamic, or responses to external perturba-
tionsdand even in people with stroke who show high levels
of function, such as those who are ambulatory in the
community [6].
Asymmetric gait patterns are often related to compen-
satory movements of both the paretic side and the non-
paretic side [7]. This compensation may contribute to a
limitation of functional recovery [8]. Therefore, fall pre-
vention and improvement of walking ability are often the
major focus of rehabilitation of stroke patients [4].
Virtual reality (VR) is a form of interactive simulation
designed, using computer hardware and software, for a
user to have an experience similar to real-world events [9].
Studies have been conducted to investigate the effect of VR
on balance [10], gait [11], and upper extremity function in
individuals with stroke [12]. The task designed in VR en-
ables a gradual increase of difficulty level, speed, sensi-
tivity, and specific goal of the task, and can be adapted to
the patient’s cognitive and motor capabilities [13]. VR-
supported rehabilitation [14] has been shown to improve
balance ability in people with stroke when combined with
conventional physiotherapy [10]. VR systems have also been
proposed as an approach to simulate the environmental
conditions of walking and to motivate people to practice
gait. Since 2004, several research groups have developed
and tested VR technology for improvement of walking in
poststroke patients [15e20]. VR systems for rehabilitation
typically consist of hardware, software, and a method to
connect the user with the virtual environment (VE). De-
scriptions of such systems for motor rehabilitation [21] and
integrated motor and cognitive rehabilitation can be found
in the literature [22]. In general, the user needs to see the
VE displayed or projected in a head-mounted display,
desktop computer, television, or screen. The sound and the
sense of touch augment the realism of the VE.
Augmented reality (AR), a type of VR, is a technique of
computer interface that provides users with additional in-
formation on truly observed situations. Therefore, patients
are able to easily understand in a real-world environment
[23]. Heeren et al [24] used AR in training of gait adapt-
ability for patients with stroke. The benefit of AR is that it
allows for direct foot positioning relative to augmented
objects presented on the walking surface, that is, in the
real environment. Their results showed that the time taken
to complete the timed up-and-go test (TUG) was signifi-
cantly decreased and the Berg Balance Scale (BBS) score
was significantly improved [24].
The purpose of this study was to investigate the effect of
AR-based postural control training on dynamic balance,
spatiotemporal variables of gait, and functional gait ability
of stroke patients.Methods
Participants and estimation of sample size
The inclusion criteria were as follows: a diagnosis of stroke
for at least 6 months (chronic stroke), not taking medica-
tion that can affect balance, Mini-Mental State Examination
(MMSE) score <24, no pain or disability associated with
acute musculoskeletal conditions, sitting to sidelying with
moderate assistance, sitting for longer than 10 seconds
without support, and standing without support for 1 min-
ute. The criterion for exclusion was Pusher syndrome. All
participants provided written informed consent prior to
enrolment in the study. To protect the rights of human
beings, the current study was approved by the Sahmyook
University Institutional Review Board, Seoul, Korea
(SYUIRB2011-005).
According to a pilot study [22], the effect size for TUG,
BBS, gait velocity, cadence, step length, and stride length
was 0.69, 0.58, 0.52, 0.60, 0.57, and 0.53, respectively.
This study would thus require 10 patients in each group in
order to have 80% power at an alpha of 0.05.
Randomization
If patients met the study criteria and agreed to participate,
they were randomly assigned to either an experimental
group (AR-based exercise group) or a control group. Each
participant chose a piece of paper with number 1 or 2
written on it from a box containing 22 pieces of paper;
there were 11 pieces of paper for each number. Papers with
a number 1 indicated the experimental group and those
with a number 2 indicated the control group.
Intervention programs
All patients participated in a general physical therapy
program that included one 30-minute session per day, for a
period of 4 weeks. Patients in the experimental group
participated in additional AR-based postural control
training for a period of 4 weeks (30 minutes per session, 3
sessions per week).
AR-based postural control training consisted of three
stages and 16 subordinate scopes (Table 1). The first stage
includes six subordinated exercise programs that were
conducted without the use of any tool in a lying position.
The second stage involved four subordinated exercise pro-
grams performed while sitting. The third stage consisted of
six subordinated exercise programs in the standing position
performed using a therapeutic ball or a foothold.
The AR environment was implemented using a server
computer mounted with a camera and an Super Video
Graphics Array (SVGA) head-mounted display (HMD; i-visor,
fx601; Dae-Yang E&C Co., Gongju, Korea, 2008) consisting
of an 800  600 resolution display connected to an ultra-
mobile personal computer (NT-Q1U; Samsung, Suzhou,
China, 2007) for the patients. The two computers were
installed for wireless exchange of signals. The VR used in
the AR included videos of postural control training for
guiding the stroke patients to perform ideal postural con-
trol motions. The HMD was designed to show two views.
Table 1 Augmented reality-based postural control program.
Stage 1: Training program in a lying position
1. Exercise for stability of pelvis/lower extremity in a supine position
2. Exercise for upper trunk rotation with upper extremity movement during change in body position from supine to sidelying
3. Exercise for pelvic postural tone in a sidelying position
4. Exercise for pelvic stability and dynamic mobility in a sidelying position
5. Exercise for pelvic stability and lower extremity with dynamic stability in a sidelying position
6. Exercise for upper trunk stability during change in body position from sidelying to sitting
Stage 2: Training exercise in a sitting position
1. Exercise for trunk and pelvis during change in body position from sidelying to sitting
2. Exercise for lower trunk and pelvis during change in body position from sitting to standing
3. Exercise for pelvis and trunk during change in body position from sitting to standing
4. Exercise for lower extremity during change in body position from sitting to standing
Stage 3: Training exercise in a standing position
1. Exercise for balance of lower extremity in a standing position
2. Exercise for symmetrical stability of core muscles in a standing position
3. Exercise for postural tone with weight bearing during change in body position from standing to walking
4. Exercise for weight transfer and shock absorption of paretic side on the initial contact phase
5. Exercise for paretic side during change in body position from initial contact phase to midstance phase
6. Exercise for paretic side during change in body position from initial contact phase of paretic side to swing phase of nonparetic
side
53The modelled movement was shown on the individual’s side
and the actual movement was shown on the other side. The
patient could watch the modelled movement and listen to
a recorded sound, in order to compare the normal move-
ment with his/her own movement. The AR training was
designed to be adjustable, in order to match the patient’s
ability to minimize substitution movements and to ensure
safety. In addition, after putting on the HMD, the patients
were given 5 minutes to familiarize themselves with the AR
program before the commencement of the experiment.
Outcome measurements
Outcome measurements were performed by a therapist at
baseline and again after 4 weeks of training. The TUG test
was administered. The assessor timed the patients’ per-
formance of the following activity: the patient stood up
independently from a sitting position in a standard-height
armchair, walked 3 m (using an assistive device, as
needed), turned around, walked back, turned around, and
sat down again. High intra- and inter-rater reliability of
TUG (intraclass correlation coefficients of 0.99 and 0.98,
respectively) have been established [25].
Patients in both groups were also assessed using the
BBS. BBS shows validity, strong internal consistency, and
excellent intra- and inter-rater reliability [26], and is
widely used as an outcome measure for balance perfor-
mance. The score ranges from 0 to 4 points for each of the
14 test items, giving a possible total score ranging from 0 to
56 points. Higher scores indicate greater balance ability
[27].
Gait function was measured using GAITRite (GAITRite;
CIR system Inc., Havertown, PA, USA). The standard GAI-
TRite walkway contained six sensor pads encapsulated in a
rolled-up carpet with an active area of 3.66 m
(length)  0.61 m (width). As the patient walked along thewalkway, the sensors captured each footfall as a function
of time and transferred the gathered information to a
personal computer for data processing. GAITRite was used
for measurement of the spatiotemporal parameters,
including gait velocity, cadence, step length, and stride
length [28]. Van Uden et al [29] investigated the reliability
of measurements performed using the GAITRite system as a
video-based analysis system and found excellent reliability
(Intraclass Correlation Coefficient (ICC) Z 0.94).
Participants were evaluated by a physical therapist who
was not involved in the training program and did not have
knowledge of the participant’s group. TUG and gait vari-
ables (GAITRite) were measured three times, and the
average was used for analysis.
Statistical analysis
The SPSS version 17.0 program (SPSS Inc., Chicago, IL,
USA) was used for statistical analyses. The ShapiroeWilk
test for normality was used. The independent t test was
used to test the difference in demographics between the
two groups. The interaction effect between group and
time was assessed using repeated-measures analysis of
covariance, with the baseline score as a covariate. Intent-
to-treat analysis method by imputing the last observation
carried forward data was employed to include all the
randomized participants for analysis. Post hoc paired t
tests were used for comparison of pre- and post-test re-
sults within each group. A p value of <0.05 was considered
significant.
Results
Twenty-one patients fulfilled the eligibility criteria. They
all had sustained stroke for more than 6 months, and were
able to ambulate with or without the use of a walking aid.
Table 2 Characteristics of participants.
AR group (n Z 10) Control group (n Z 11) c2/t p
Sex, n (%) 1.527 0.361
Male 8 (80.0) 6 (54.5)
Female 2 (20.0) 5 (45.5)
Age (y) 47.9  12.0 54.0  11.9 1.169 0.866
Height (cm) 165.5  5.8 165.0  7.4 0.170 0.156
Weight (kg) 68.1  7.6 62.2  10.4 1.478 0.257
Stroke onset (mo) 11.7  4.5 11.0  4.7 0.346 0.733
TUG (s) 24.8  11.1 32.3  13.5 1.385 0.182
BBS (score) 45.8  5.6 40.7  5.7 2.053 0.054
Gait velocity (cm/s) 45.2  17.7 46.0  26.7 0.081 0.936
Cadence (step/min) 75.2  20.7 72.2  19.1 0.346 0.733
Step length (cm): paretic side 36.2  8.8 35.5  10.7 0.162 0.873
Step length (cm): nonparetic side 34.6  9.1 36.8  8.8 0.569 0.576
Stride length (cm): paretic side 71.0  17.2 72.0  19.1 0.128 0.899
Stride length (cm): nonparetic side 70.9  17.1 72.4  18.8 0.189 0.852
Data are presented as n (%) or mean  standard deviation.
AR Z augmented reality-based postural control training program; BBS Z Berg Balance Scale; TUG Z timed up-and-go test.
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based exercise group and the control group, respectively.
No significant differences were detected in the general
characteristics or dependent variables of the two groups at
recruitment (Table 2). In the experimental group, one pa-
tient was discharged from the hospital after participating in
three sessions, and another participated in seven of 12
sessions. In the control group, one patient was discharged
from the hospital after participating in 11 sessions (Fig. 1).
Table 3 shows clinical outcomes (TUG, BBS, gait velocity,
cadence, step length, and stride length) of the partici-
pating patients. Significant time  group interaction effectsFigure 1. CONSORT flowchart. AR Z augmentedon gait velocity, step length, and stride length on both sides
(p < 0.05), but not on TUG, BBS, and cadence, were
detected. Post hoc analysis revealed significant improve-
ment in TUG (p Z 0.011), BBS (p Z 0.007), gait velocity
(pZ 0.013), cadence (pZ 0.047), step length (pZ 0.009),
and stride length (p Z 0.01) on the paretic side, and step
length (p Z 0.007) and stride length (p Z 0.006) on the
nonparetic side in the AR group. Additionally, significant
improvement in TUG (pZ 0.038), step length (pZ 0.037),
and stride length (pZ 0.022) on the paretic side, and stride
length (p Z 0.049) on the nonparetic side was observed in
the control group.reality; MMSE Z Mini-Mental State Examination.
Table 3 Outcome measurements (intent-to-treat analysis) (N Z 21).
AR group (n Z 10) Control group (n Z 11) Group Time Group  time
F p F p F p
TUG (s) Pre 24.8  11.1 32.3  13.5 2.579 0.125 16.156 0.001* 0.854 0.367
Post 20.1  9.0 29.4  14.0
t 3.213 2.286
p 0.011* 0.038*
BBS (score) Pre 45.8  5.6 40.7  5.7 6.646 0.018 11.976 0.003* 2.209 0.154
Post 49.9  6.0 42.4  6.3
t 3.480 1.408
p 0.007* 0.189
Gait velocity (cm/s) Pre 45.2  17.7 46.0  26.7 0.315 0.581 13.957 0.001* 5.495 0.030*
Post 62.1  20.8 49.9  28.4
t 3.085 2.097
p 0.013* 0.062
Cadence (step/min) Pre 75.2  20.7 72.2  19.1 0.742 0.400 7.179 0.015* 2.591 0.124
Post 85.6  18.9 74.7  18.0
t 2.294 1.228
p 0.047* 0.247
Step length (cm): paretic side Pre 36.2  8.8 35.5  10.7 0.502 0.487 16.769 0.001* 4.767 0.042*
Post 43.2  10.8 37.7  11.2
t 3.288 2.399
p 0.009* 0.037*
Step length (cm): nonparetic side Pre 34.6  9.1 36.8  8.8 0.108 0.746 15.650 0.001* 7.876 0.011*
Post 43.0  9.7 38.3  9.9
t 3.478 1.585
p 0.007* 0.144
Stride length (cm): paretic side Pre 71.0  17.2 72.0  19.1 0.325 0.575 16.337 0.001* 5.591 0.029*
Post 86.4  20.7 76.1  20.7
t 3.222 2.702
p 0.010* 0.022*
Stride length (cm): nonparetic side Pre 70.9  17.1 72.4  18.8 0.256 0.619 18.606 <0.001* 6.771 0.018*
Post 72.4  18.8 76.0  20.5
t 3.590 2.240
p 0.006* 0.049*
* Statistically significant at p < 0.05.
Data are presented as mean  standard deviation.
AR Z augmented reality-based postural control training program; BBS Z Berg Balance Scale; TUG Z timed up-and-go test.
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VR training has been used in previous studies and shown to
improve walking [30] and upper extremity function [31] in
stroke patients. Therefore, the purpose of this study was to
investigate the effects of a 4-week rehabilitation program
using VR on gait ability and dynamic balance ability in pa-
tients with stroke. After 4 weeks of AR-based postural
control training, patients in the experimental group showed
significantly more improvement in gait velocity, step, and
stride length than those in the control group.
Gait velocity is affected by weakness of hip flexors and
knee extensors of the paretic lower limb [32]. Recovery of
muscle strength and dynamic balance is related to gait
velocity, cadence, and step length [10,33]. Increase of gait
velocity and cadence is related to the ability to weight bear
on the paretic lower limb [34]. In our AR-based postural
control training, emphasis was placed on the selective
movements of the lower limbs and pelvis, as the partici-
pants practised alternating weight bearing and stepping
motions on each side. In addition, the value of visual
cueing, among other types of sensory feedback, was re-
ported by Martin [35], who suggested that placement of
visual cues perpendicular to the direction of gait and
spaced one step length apart was most effective in
improving gait in patients with Parkinson disease. These
factors may have contributed to the improvement in gait
parameters following AR-based training.
Interestingly, the addition of the AR-based training did
not induce more improvement of performance in the TUG
test compared with controls who received the general
physical therapy program only. A previous study by Walker
et al [36] also used visual feedback in balance training of
acute stroke patients. In their study, 46 patients with
stroke were assigned to a control group, a general physical
therapy group, and an experimental group with visual
feedback balance training. Their results showed marked
improvement in balance ability in all three groups, with no
significant between-group difference, indicating that add-
ing visual feedback did not confer any additional benefits.
The lack of significant treatment effect on TUG in our study
could also be due to the relatively short treatment duration
and small sample size used.
Our results also did not show a significant group  time
interaction on the BBS score. Cheng et al [37] reported
improvement in dynamic balance measurements in stroke
patients after 3 weeks of visual feedback rhythmic weight-
shift training. Srivastava et al [38] used visual feedback in
balance training of patients with stroke. Their results
showed that BBS was significantly improved by more than
11 points (from 34.9 points to 46.8 points). In addition to
the same limiting factors that may explain the lack of sig-
nificant findings on TUG, the nonsignificant results on BBS
may be related to the fact that BBS has a strong ceiling
effect [39]. In this study, the balance ability at baseline was
already good (AR group Z 45.8; control group Z 40.7),
compared with those reported by Srivastava et al [38]. A
balance assessment tool with better psychometric proper-
ties should be used in the future to assess the effect of AR-
based training on balance function in ambulatory stroke
patients.This study has several limitations. The results can only
be generalized to stroke patients with similar characteris-
tics. The sample size was small, leading to reduced statis-
tical power. In addition, this study did not evaluate the
long-term effects of AR-based postural control training.
Moreover, the AR group in this study had an additional
treatment time. Therefore, this increase in treatment time
may explain the better outcomes in velocity, step length,
and stride length, rather than the use of AR.
In conclusion, the addition of VR-supported rehabilita-
tion led to significant improvement in several gait variables
(gait velocity, step length, and stride length) compared
with general physical therapy treatment only. The data
have to be interpreted with caution due to the small sample
size. A larger-scale randomized controlled trial is required
in order to confirm our findings and further evaluate the
long-term effects of AR-based postural control training in
patients after stroke.Conflicts of interest
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